The microstructural evolution of a low carbon steel was investigated under two different conditions with and without shear strain, using electron backscattered diffraction (EBSD) when a uniaxial compression of 67% was applied at a warm working temperature of 773 K. The equivalent strain and shear strain imposed by the compression test were calculated quantitatively by finite element analysis (FEA). As the equivalent strain was increased without any shear strain, the texture of the and fibers was strongly developed, and the grain refinement was accelerated. However, as the shear strain was increased at the same equivalent strain, the thickness of the pancaked ferrite decreased and the texture was weakened. With increasing shear strain, a shear texture, such as h110i == TD and f110g == ND, was observed and a high angle boundary over 15 developed at the expense of low and medium angle boundaries below 15 . The shear strain accelerated the subdivision of the ferrite grain and randomized the texture.
Introduction
Severe plastic deformation (SPD) techniques have been developed to obtain ultrafine materials, such as equal channel angular extrusion, 1) multi-axis deformation, 2) accumulative roll-bonding, 3) and high-pressure torsion. 4) These techniques are designed for the effective accumulation of high plastic strains into materials. During plastic deformation of crystalline materials, some new boundary structures, composed of dislocations, are usually formed and induce fragmentation of the original grains. 5, 6) With increasing strain, the progressive development of these boundaries with dislocations leads to the clear subdivision of the initial grains, which have different orientations.
Many researchers have reported that the introduction of shear deformation is effective in creating ultrafine grained materials. 3, 4, 7) However, the quantitative effect of shear strain is not well known, since processing parameters, such as temperature, strain, and strain rate, are seldom controlled consistently during deformation in most of SPD techniques, which impose several deformation paths for a high strain. Simulations of strain distribution using finite element analysis (FEA) have been attempted in several SPD techniques. [7] [8] [9] Inoue et al. reported the strain distributions in multi-directional deformation and accumulative roll-bonding. 7, 8) Deformation behavior in equal channel angular extrusion was evaluated by Bowen et al. 9) However, they noticed a large strain contributed by shear strain and seldom compared with the effect of equivalent strain without shear strain under plane strain condition. Cho et al. reported greater advances in high angle boundaries and the subdivision of grains under the deformation with shear strain those under that without shear strain using Ni-30Fe alloy (face-centered cubic). 10) They observed microstructure was affected by the shear strain, but the texture change was not examined. Kang et al. reported on the quantitative relationship between texture and misorientation, according to two deformation modes of plane strain compression and simple shear using IF steel (body-centered cubic; BCC).
11) The main focus was on the texture evolution and boundary characteristics under each deformation mode.
Under the plane strain condition, we previously reported the influence of equivalent strain on microstructure and texture.
12) The texture of f001gh110i and f111gh110i developed significantly, and the fraction of the high angle boundary increased with the equivalent strain in a ultra-low carbon steel compressed at 773 K. To clarify the microstructural evolution under shear strain in the present study, the microstructure and texture in the conditions with and without the shear strain were investigated using a low carbon steel compressed at 773 K. FEA was used to evaluate the strain distribution in the specimen compressed by a 67% reduction. On the basis of the calculated strain distribution, the microstructure and texture in the conditions with and without shear strain were compared according to the condition of a fixed equivalent strain (" eq ) of 2.0 using electron backscattered diffraction (EBSD) technique.
Experimental
A uniaxial compression technique was used for thermomechanical processing. [12] [13] [14] A test specimen with the dimensions of 18 mm Â 15 mm Â 12 mm (width) was machined from a warm rolled bar with a composition of 0.15C-0.3Si-1.5Mn (mass%). The initial microstructure of the low carbon steel is shown in Fig. 1 . The initial microstructure was lamellar with alternate formations of ferrite and pearlite. The average size of the ferrite grains was 9 mm. The compression axis (ND) was set to the vertical direction of Fig. 1 . A hot deformation simulator (DSI, Gleeble 2000) was used for the uniaxial compressive deformation, which was applied parallel to the direction of the width. Figure 2 shows the path of the hot compression test and schematic drawings of the deformed specimen. The specimen was heated to 5 K/s to 773 K and held for 5 s to homogenize the temperature and then deformed by a reduction ratio of 67% with a nominal strain rate of 0.1 s À1 . The nominal strain rate of 0.1 s À1 was selected to avoid adiabatic heat during deformation. It was then quenched to room temperature using a water jet to freeze the microstructure. This process is described elsewhere. [14] [15] [16] An explicit FEA was used to evaluate the strain distribution in the specimen, compressed by a reduction ratio of 67%. Simulation by the explicit FE code, ABAQUS/Explicit ver. 6.3-5, was performed and has been explained in detail elsewhere. 17, 18) Herein, x (RD) and y (ND) correspond to the elongated and compressive directions after deformation, respectively. On the basis of the calculated strain distribution, the microstructural evolution of the TD section (z ¼ 0) was observed and is shown in Fig. 2 . 16, 17) The microstructure was observed using an optical microscopy and EBSD system (TSL OIM), equipped with field emission scanning electron microscopy (JEOL JSM-7000F). The optical micrograph was revealed by 3% nital after routine mechanical polishing. For the EBSD measurement, the specimen was polished using a colloidal silica suspension. Figure 3 represents the distribution of the shear strain ( xy ) and equivalent strain (" eq ) in the 67% deformed specimen at 773 K, with a strain rate of 0.1 s À1 . The numerical analysis was carried out on the gray quarter portion of the specimen. These distributions are described using the x (RD), y (ND), and z (TD) directions in z ¼ 0 (as shown in the illustration of a deformed specimen in Fig. 3 ). As shown in Fig. 3 , the material expands in the x direction and contracts in the y direction without any volume change in the z direction (" zz ¼ 0) by hot compression test. In other words, the specimen is compressed under the plane strain condition. The shear strain increases towards the anvil edge from the center but tends to zero along the x and y axes. The equivalent strain is higher near the center (x ¼ y ¼ 0) and the anvil edge. The high compressive strain at the center and the high shear strain at the anvil edge are responsible for the maximum equivalent strain. However, we excluded the closest area near the anvil edge for this observation, since the definition of frictional condition and the temperature profile are ambiguous near the anvil edge. 18) For comparison of the microstructural evolution under equivalent strain with and without shear strain, several sites were selected for EBSD analysis. Figure 4 presents a schematic diagram showing the sites where the equivalent, shear, and compressive (" yy ) strains were evaluated in detail. The calculated strains at each site are shown in Table 1 . After a deformation of 67%, the thickness (y direction) was 3.96 mm. The open circles in Fig. 4 indicate the positions in which the equivalent strain varies under no shear strain, while the black and gray solid circles represent the positions where the shear strain varies under the same equivalent strain of 2.0 and without any deformation, respectively. The microstructural evolution under xy ¼ 0 was observed at five sites (A1$A5) on the x ¼ 0. The effect of shear strain on the microstructural evolution was then investigated in a fixed equivalent strain of 2.0 (" eq ¼ 2:0) at four sites including in the area with xy ¼ 0, i.e., A3 and B1-B3. For comparison with the deformed microstructure, the non-deformed area (N position, " eq ¼ xy ¼ 0) was examined far from the deformed region. The microstructural evolution behaviors induced by the equivalent strain without shear strain and by the shear strain under a fixed equivalent strain are explained in the following two sections, 3.2 and 3.3.
Results and Discussion

Strain distribution estimated by numerical analysis
3.2 Microstructural evolution induced by the equivalent strain without shear strain In our previous study, we analyzed the microstructure 12)
The microstructure was refined as the equivalent strain exceeded 2.4, and the orientation components of f001gh110i and f111gh110i were developed. Nevertheless, the ultra-low carbon steel consisting of ferrite exhibited a different deformation behavior from that of low carbon steel, where hard pearlite and soft ferrite coexist. 19) When a heavy deformation is applied in the low carbon steel, the fracture of lamellae in the pearlite colonies induces the spheroidization and redistribution of cementite. The cementite particles lead to a high dragging force that hinders the migration of high angle boundaries due to Zener pinning and thereby increases the recrystallization temperature. The progress in the development of substructure also affects the textural evolution. Figure 5 shows the ND orientation maps according to the equivalent strain without shear strain. The black line displays the high angle boundary over 15 . The microstructure of " eq ¼ 0 was observed in a non-deformed area from the tested specimen, which experienced heat-treatment only without any deformation. The average size of the ferrite grains was 9 mm at " eq ¼ 0. This was similar to the initial grain size (Fig. 1) , since recrystallization does not occur at a warm working temperature of 773 K. Ferrite grains in the deformed area were significantly elongated to RD and strong texture of h111i == ND evolved after compression. Deformation behavior at sites over equivalent strain of 1.5 was not homogeneous, since the grains became fragmented in the vicinity of the pearlite. The mobility of the boundary decreased and the dislocations accumulated easily near the cementite particles. Hence, this specimen has a high driving force for the formation of new grains isolated with high angle boundaries. At " eq ¼ 3:5, the deformation became generally homogeneous. The average thickness of the elongated ferrite was about 0.27 mm. This corresponded with the predicted result, assuming that grain boundary diffusion is the controlling mechanism in large strain-high Zener-Hollomon parameter deformation. 13, 20) Narayana Murty et al. predicted the ferrite thickness during large strain deformation unaccompanied by dynamic recrystallization. They reported that new ultrafine ferrite grains are formed by the migration of Fig. 4 Schematic diagrams of the specimen cross sections after 67% compression. Table 1 Calculated equivalent strain (" eq ), shear strain ( xy ) and compressive strain (" yy ) of the sites indicated in Fig. 4 .
grain boundaries and that their size is closely related to the grain boundary diffusion distance in a 0.15 carbon steel. Compared with the deformation behavior in an ultra-low carbon steel, change indicative of texture development and grain refinement was observed due to the existence of hard pearlite.
12)
The boundary maps without shear strain condition ( xy ¼ 0) are shown in Fig. 6 . The black and red lines indicate the ε eq =2.5 ε eq =3.5 ε eq =2.0 high angle boundary of ! 15
, and the low and medium angle boundaries of 2 < 15 , respectively. The latter boundaries started to develop in the interior of a grain at " eq ¼ 1:0 and the deformation bands were inclined in the RD with an angle of about 20 . This is one of the characteristics of deformation bands induced by local lattice rotation. 12, 21, 22) Meanwhile, the fraction of the low angle boundary decreased significantly at the large strain of " eq ¼ 3:5. This refinement mechanism by clear boundary formation and fragmentation, accompanied by orientation rotation, is well known. 11, 22, 23) For the quantitative analysis of the boundary development, the fraction of each boundary is displayed under the conditions of no shear strain condition in Fig. 7 . The boundary is divided into three misorientation ranges: low angle (2
), medium angle (5 < 15 ), and high angle ( ! 15 ) boundaries. In the non-deformed state, the fraction of the high angle boundary is high, since the microstructure consists of polygonal grains. As the strain increases, the fraction of each boundary is not changed significantly until " eq ¼ 2:0. As the equivalent strain exceeded " eq ¼ 2:0, the fraction of the high angle boundary increases at the expense of the fraction of the low angle boundary. At " eq ¼ 3:5, however, the fraction of the high angle boundary is maximized and the spacing of the isolated high angle boundary in the pancaked ferrite reaches a critical thickness (0.27 mm) unaccompanied by dynamic recrystallization. 13, 20) From a textural point of view, the orientation distribution functions (ODFs) in the ' 2 ¼ 45 section and the fractions of several texture components are shown in Fig. 8 . The ODFs display the typical deformation texture of BCC metal, such as the (h110i == RD) and (f111g == ND) fibers. The latter is stronger than the former in a lower strain condition, but the former swells gradually with increasing strain. The textural evolution in a large strain was similar to the previous results of warm deformed steels. 11, 12, 24, 25) Finally, the rotated cube f001gh110i and the fiber became the main components in " eq ¼ 3:5. Compared to the texture in the deformed specimen in a higher temperature region (923-1123 K), the rotated cube did not grow as indicated in our previous report.
25 ) The fraction of each component was analyzed. Four components of h110i == TD, f110g == ND, h110i == RD, and f111g == ND were selected. The latter two components are known as representative textures developed in a plane strain condition, while the former two are shear textures in BCC metals. The tolerance angle of each component is 15 from the ideal orientation. As represented in the ODFs, the components of h110i == RD and f111g == ND occupy high fractions, irrespective of strain level, as shown in Fig. 8(a) . The fraction of the fiber is higher than that of the fiber in the larger strain. 
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J.-H. Kang, T. Inoue and S. Torizuka 3.3 Microstructural evolution induced by the shear strain under a fixed equivalent strain Many researchers have reported that the presence of shear strain is effective for obtaining ultrafine grained materials. 3, 7, 11) However, quantitative results are seldom presented. In this experiment, we observed the effect of shear strain on the microstructure and texture in one specimen that maintained the same temperature profile during deformation. Figure 9 presents the four ND orientation maps of each site according to the shear strain in the conditions of a fixed equivalent strain of 2.0 (" eq ¼ 2:0), at the positions displayed as solid circles (B1-B3 sites) and the A3 site in Fig. 4 . The microstructure in the larger shear strain clearly indicates a dense, pancaked ferrite with a weak texture. Although Figs. 5 and 8 displayed the strong texture of the and fibers in the area without the shear strain, the orientation maps under the shear strain condition show a variation of texture that deviates from the fiber in Fig. 9 . The quantitative texture evolution is explained in the next paragraph. In Fig. 10 , the development of the boundary in the area with shear strain is clearly revealed. The laminar elongation of the structure aligned in the material flow direction becomes more evident. The grain fragmentation is not homogeneous, indicating that the strain is concentrated locally, which was partially attributed to the existence of pearlite, as explained in section 3.2. The stability of orientation can be considered under the shear deformation. The subdivision behavior is apparently affected by the orientation and the grain in stable orientation is elongated without orientation rotation. 11, 16, 26) With increasing shear strain, the grain fragmentation was promoted more rapidly, and the fraction of the high angle boundary increased to 44.5% in xy ¼ 1:96 (Fig. 11) . A high angle boundary developed at the expense of the low and medium angle boundaries with increasing shear strain. As the shear strain exceeded xy ¼ 1:67, the fraction of the high angle boundary became higher than that of the other boundaries. The fractional constituent of each boundary at " eq ¼ 2:0 with xy ¼ 1:96 was similar to that of " eq ¼ 2:7 without shear strain (as shown in Fig. 7 ). The effectiveness of the shear strain was remarkable, with respect to the generation of the high angle boundary under the fixed equivalent strain. Similar results have been reported in the accumulative roll-bonded steel without lubricant.
3) Many SPD processes for the development of the high angle boundary have been designed to obtain ultrafine grained materials. 3, 6) Therefore, an increased shear strain is more efficient for obtaining ultrafine grained materials, even though the equivalent strain has the same magnitude. The orientation and boundary maps revealed that subdivision is promoted significantly under shear strain.
In addition, the texture change according to shear strain was investigated, as shown in Fig. 12 Fig. 9 . The Euler space is expanded to ' 1 ¼ 360 in the shear strain condition, since the sample symmetry is triclinic. 27, 28) In compressive deformation without shear strain, the and fibers that typically develop in BCC metal are shown. Nevertheless, h110i == TD and f110g == ND, which are the main components of shear deformation texture, are expanded and the and fibers are degraded with increasing shear strain (Fig. 12(b) ). The orientation maps in Fig. 9 reveal the weakening of the texture. The quantitative texture variation was evaluated by the ODFs. As a shear strain of 1.96, the ODFs indicated a shear deformation texture. This result is similar to the texture evolution reported by Lee et al. 28) They simulated the shear texture by using the Taylor model, and compared this to a measured example of asymmetric rolled IF steel. Figure 13 shows the (110) pole figures of Fig. 10 . The peaks of the (110) pole intensity were slightly rotated around the TD axis with increasing shear strain. The figure clearly shows that the h110i == TD and f110g == ND components develop with a higher shear strain. Sakai et al. reported a similar texture in a low carbon steel sheet by differential speed rolling. After annealing of the shear-deformed steel, in a remarkable change in the texture, they reported the development of f110gh001i (Goss orientation) in the recrystallized specimen and subsequently measured the fine recrystallized grains. 29) To summarize, the study results revealed the superior benefits of deformation with shear strain in creating a high angle boundary accompanied by grain refinement and in inducing texture variation, in comparison to deformation without shear strain.
Conclusion
On the basis of the calculated strain distribution induced by using an explicit FEA, the microstructural evolution in a low carbon steel in the conditions with and without shear strain were studied. The specimen was deformed under a compression of 67% at 773 K, with a nominal strain rate of 0.1 s À1 . As the equivalent strain was increased without any shear strain, the texture of the and fibers and the grain refinement were strongly developed. In addition, the fraction of the high angle boundary over 15 increased rapidly as the equivalent strain exceeded " eq ¼ 2:0. At " eq ¼ 3:5, the average ferrite thickness decreased to 0.27 mm, and the fiber was stronger than the fiber.
In the condition of a fixed equivalent strain of 2.0, the changes of microstructure and texture were investigated according to the shear strain. The thickness of the pancaked ferrite decreased and the texture was weakened with increasing shear strain. A shear texture, such as h110i == TD and f110g == ND, was developed and the orientation was rotated around the TD axis. A high angle boundary over 15 developed at the expense of low and medium angle boundaries below 15 , with increasing shear strain. The shear strain accelerated the subdivision of the ferrite grain, and was demonstrated to be beneficial in obtaining ultrafine grains. Fig. 12(a) .
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